The effects of possible neurohumoral transmitters, nerve stimulation, and antagonists have been studied.
In some laboratory animals (guinea-pig, rabbit, hamster, rat, mouse) a well-delineated anatomical sphincter at the cardia has been described, whereas in others (monkey, dog, and cat) the sphincter cannot be clearly defined by histological techniques (Botha, 1958a) . Nevertheless, it is generally accepted that even though histological evidence is lacking, a sphincteric mechanism exists in these animals. Cannon (1908) , Carlson, Boyd, and Pearcy (1922) , and Knight (1934) all obtained physiological evidence for a sphincter in the cat, although different interpretations of the function, control, and exact location of the mechanism have been suggested. For instance, Nauta (1956) suggested that the sphincter acted only as a valve (in the dog) to prevent gastric reflux, and this interpretation has also been suggested for man (Barrett, 1954; Dornhorst, Harrison, and Pierce, 1954; Nauta, 1955 Nauta, , 1956 , in whom the histological evidence for a sphincter is also lacking (Lendrum, 1937; Roux, 1939) . On the other hand, Fyke, Code, and Schlegel (1956) and Atkinson, Edwards, Honour, and Rowlands (1957) regard this region in man as a true sphincter. Nor is there general agreement on the effects brought about by stimulation of the extrinsic nerve supply to the region, although they have been repeatedly studied (Langley, 1898; May, 1904; Klee, 1919; Koennecke, 1922; Veach, 1925 Veach, , 1926 . Some experiments have suggested that the response of the sphincter is dependent upon the coexisting gastric tonus (Carlson et al., 1922; McCrea, McSwiney, and Stopford, 1925) .
The present investigation defines the cardiac sphincter more accurately. The results of nerve 'Present address, Royal Infirmary, Aberdeen. stimulation and injected drugs suggest the mechanism of normal function. Opening of the cardiac sphincter can be induced either by increased oesophageal or gastric pressure. This effect is a function of the circular muscle fibres of the lower end of the oesophagus. Alterations in oesophageal and gastric pressure affect the sphincter both directly and reflexly.
METHODS
Male and female cats of 1-6 to 4-2 kg. were used, having been allowed water, but no food, for 12 hours before the experiment. After induction with ethylchloride and ether, five were spinalized by the method of Kosterlitz, Krayer, and Matallana (1954) , two were decerebrated, and 34 were anaesthetized with chloralose (80 mg./kg.). Four animals were anaesthetized with sodium pentobarbitone (40 mg./kg.) by intraperitoneal injection.
In early experiments, a tube was passed through the pharynx into the oesophagus and a second tube was tied into a slit cut in the greater curvature of the stomach: these were each connected, via a reservoir, to separate water manometers. Either organ could be filled with saline and the pressure at which it emptied through the cardiac sphincter measured. The receiving organ, i.e., oesophagus or stomach, was allowed to drain freely at atmospheric pressure during such an experiment.
The region of the gastro-oesophageal junction was also directly observed (a) by tying a wide-bore glass tube into a slit in the greater curvature of the stomach, with its distal end overlying the junction; (b) by using a cystoscope introduced in a similar way into the stomach; and (c) by observation of the oesophagus and stomach with the thorax and abdomen opened by a mid-line incision. The lowest 2 cm. of the oesophagus was later established as the region with sphincteric action. In some experiments, as illustrated in Fig. 1 of the oesophagus by a transverse incision, taking care to preserve the extramural blood vessels and extramural nerve fibres. The lumen of the isolated segment was cannulated and connected to a Mariotte bottle of saline kept at a height of 20 to 40 cm. above that of the oesophagus. A water manometer connected to a side arm measured the pressure at the point of inflow into the oesophageal segment. In this way the sphincter was used as a resistance to the free flow of saline (5-30 ml./min., usually 10 ml./min.) through the system and any change in tone was reflected as a change in the inflow pressure, contraction being registered as a rise in pressure. The saline drained into the stomach, which was kept empty by allowing free drainage through another cannula, to avoid pressure changes due to gastric contractions. The apparatus is shown in diagrammatic form in Fig. 1 . The effect, on the isolated segment, of filling and emptying the main body of the oesophagus could also be studied in this preparation, as could the effects of nerve stimulation and injected drugs. By constructing a mucosal barrier (G) at the upper end of the stomach (Fig. 1) and inserting a second gastric cannula, the effect of distension of part of the stomach upon the tone of the sphincter was also investigated, without applying pressure directly to the sphincter itself.
The vagus nerves were stimulated in the neck using platinum electrodes, usually for periods of 30 sec. In order to stimulate the sympathetic supply the left gastric artery was divided and the distal end, along with the periarterial network of nerves, was pulled into a tubular polythene electrode holder in which two platinum rings spaced 0.5 mm. apart acted as electrodes. Supra-maximal square wave shocks (20 volts) of 2 msec. duration, and frequencies varying from /min. to 50/sec. were provided by a stimulator. DRUGS Intravenous injections of the following drugs (doses expressed as base) were given through a cannula tied in a femoral or jugular vein: acetylcholine chloride, physostigmine sulphate, adrenaline hydrogen tartrate and noradrenaline hydrogen tartrate, histamine hydrogen phosphate, 5-hydroxytryptamine creatinine sulphate, isopropylnoradrenaline sulphate, nicotine hydrogen tartrate, hexamethonium bromide, hyoscine hydrobromide, and atropine sulphate.
RESULTS
As it traverses the diaphragm, the oesophagus is surrounded by the phrenico-oesophageal ligament, which further applies the extrinsic nerves to its external surface. The whole is enveloped in a layer of pleura above the peritoneum below the diaphragm, yet the relations of the diaphragm are variable. The lower end of the oesophagus is mobile, and while the stomach is not normally pulled into the thorax, the extent of the intra-abdominal part of the oesophagus varies considerably in different animals and in the same animal at different times.
If the passage of saline from a Mariotte bottle through the oesophagus is observed with a cystoscope tied into the stomach and focused on the gastro-oesophageal junction, then at low pressures rhythmic opening and closing movements are observed. If the pressure of the perfusing fluid is raised, these rhythmic movements are still observed, though the orifice never completely closes. The appearances are those of a rosette-shaped structure of which the movements recall those of pupillary hippus. A similar picture is observed when the saline is forced through the sphincter from the gastric side: as the stomach fills, the gastric mucosa slides away from the rosette, which finally opens and rhythmic movements start. These appearances are unaltered by dividing the diaphragm and dissecting the surrounding ligamentous structures, provided the blood supply is not greatly disturbed.
OPENING PRESSURES OF THE SPHINCTER The pressure at which fluid can be maintained without leakage in either the oesophagus or stomach gives a measure of the resistance to opening of the sphincter. If the oesophagus is filled, increasing the pressure in 2 ml. steps, the pressure rises until the sphincter opens, and the oesophagus empties, though not completely.
In spinal and decerebrate animals (seven experiments) this opening pressure was slightly higher (14-20 cm. H20) than in animals anaesthetized with chloralose (8-12 cm.). It was even lower (3-6 cm.) in four cats anaesthetized with nembutal. The sphincter closed again when the pressure had fallen to about half the opening pressure. This pattern, where a fairly high pressure was needed to open the sphincter, was observed in all but three animals (one spinal, two chloralose): in these, the opening pressure was only 2 cm. of H20. The opening pressure in response to direct oesophageal distension in all animals was unaffected by removal of the surrounding diaphragmatic musculature.
Under the alternative conditions, testing the resistance of the sphincter to increase in intragastric pressure, the results were more varied. The pressure at which the sphincter opened in response to increased gastric pressure was always higher than that needed when tested from the oesophageal side of the sphincter. It was usually greater in animals anaesthetized with chloralose (12-16 cm. H20) than in those anaesthetized with nembutal (6-13 cm. H20). Dividing the diaphragm did not alter these opening pressures materially except in two animals. In one chloralose cat the pressure required to force the sphincter fell from 18 to 11.5 cm. on dividing the diaphragm and in one nembutal animal it fell from 14.5 cm. to 7 cm.
It is obvious, therefore, that at the gastrooesophageal junction there exists a mechanism which resists the passage of fluid in either direction and which may be called a sphincter. The polythene tube is connected by a reservoir to a water manometer and has its tip situated in the midoesophagus it only records contractions of that part of the organ which is lower than the tip. A continuous flow of saline at about 10 ml./min. from a Mariotte bottle through the cannula results in a kymograph record of the alterations in pressure as the sphincter rhythmically contracts and relaxes. With the tip of the tube in this position vagal stimulation gives a contraction of the oesophagus which shows on the record as a sharp rise in pressure. As the tip of the tube is brought closer to the sphincter, a point is reached where stimulation results only in a pressure fall, due to relaxation of the sphincter. When the tube is advanced into the stomach, stimulation again results in contraction. Using the method where the sphincteric region is isolated from the other organs, these effects of vagal stimulation are even more strikingly demonstrated. Fig. 2 shows records of the pressure changes in the body of the oesophagus, the sphincteric segment, and the gastric pouch obtained simultaneously. The region where the response to stimulation is opposite to that of the body of the oesophagus and stomach is crudely defined as the lower 2 cm. of the oesophagus. This is also the region which can be seen to remain tightly contracted if either the stomach or the oesophagus is filled with saline, as in the experiments where the opening pressure was measured. The sphincter no longer resists opening after the circular muscle fibres have been divided by an incision down to the mucosa. This incision does not encroach upon the gastric musculature. It should also be noted that the sphincter becomes completely incompetent within a minute of death of the animal. muscular continuity, the cardiac sphincter relaxed when the oesophagus was distended with saline. The relaxation was roughly proportional to the amount of distension, was first seen in chloralose cats at an oesophageal pressure of 5 cm. of water, and was immediate in onset (Fig. 3) . Emptying the oesophagus resulted in a brief increase in the tone of the sphincter (Fig. 3b, 3c) ; if the oesophageal distension was maintained, the sphincter gradually recovered its tone (Fig. 3d) .
Distension of the gastric pouch gave effects which OF-S.
depended in a different way upon the amount of dis-QES.
tension. With volumes up to about 40 ml. (leading to an increased gastric pressure of 4-6 cm. H20) the tone of the sphincter increased, but with larger volumes, the increase in tone was quickly followed by a relaxation which became more and more dominant with further distension of the gastric pouch. Some recovery of tone took place while the pouch remained distended, but this was less than in the similar circumstance noted with persistent oeso-CARD IA phageal distension. On emptying the stomach, the sphincter became briefly hypertonic, and subsequently recovered its normal tone. These effects were diminished by unilateral and abolished by bilateral vagotomy, performed in the neck. (Fig. 4) Division of one cervical vagus nerve had no effect on the intrinsic tone of the sphincter judged by the method of continuous flow, although bilateral vagotomy raised the tone, usually for two to three minutes, and occasionally for up to 30 minutes. However, when tested from the gastric side of the sphincter it was found that unilateral vagotomy raised the opening pressure from 12 to about 14 cm. H20 and bilateral vagotomy raised it further to about 18 cm. H20 (six out of seven animals.) This rise in tone persisted for the remainder of the experiment, a period varying up to three hours later.
The final path of the main sympathetic nerve supply to the cardiac sphincter is along the blood vessels to this structure. The major blood supply is from the oesophageal branch of the left gastric artery. Stimulation of these periarterial nerves entails division of the left gastric artery which produces an alteration in the rhythmic movements of the sphincter, slightly lowering the tone. It does not, however, abolish the resistance offered to perfusion. Stimulation of the sympathetic gave rise to substantial contractions of the sphincter, followed by an after-relaxation. This response was unaltered by hexamethonium (5 mg./kg.). The effect of atropine (2 mg./kg.) or hyoscine (2 mg./kg.) was to abolish the after-relaxation and to reduce the size of the contraction (Fig. 5) .
EFFECT OF DRUGS ON THE CARDIA Acetylcholine (1-100 ,ug. intravenously) contracts the main body of the oesophagus and this is also its effect on the stomach. At the sphincter, relaxation always occurs, and a substantial effect is noted with doses of 5 to 10 ,ug. intravenously. The effect is potentiated by small doses of physostigmine (10-15 ,ug. intravenously) , abolished by hyoscine (2-10 mg. intravenously), or atropine (2-10 mg. intravenously), and unaffected by hexamethonium (up to 25 mg. intravenously).
Adrenaline and noradrenaline (1-500 jig. intravenously), large doses (5-10 mg. intravenously) were required to abolish the effects of vagal stimulation. Isopropylnoradrenaline (Fig. 7) was the only other drug which produced regular relaxation of the cardia, a dose of 50 jig. intravenously completely abolishing both the sphincteric action and fluctuations in tone for several minutes. The relaxation produced by isopropylnoradrenaline was unaffected by atropine.
OTHER EFFECTS Cannon (1908) postulated the theory of acid control of the cardiac sphincter and we investigated the effects of acid and alkali. If HCl is allowed to flow through the isolated sphincter, there is a gradual increase in tone as the concentration rises from N/100 to N/10. This increase in tone was not affected by bilateral vagotomy. At this concentration the cardia on one occasion, after a brief period of spasm, became completely incompetent and did not recover during the remaining three hours of experiment (Fig. 8) .
Weak alkali (N NaHCO3) slightly lowers the tone of the cardia and strong alkali (N/10, NaOH) destroys it irreversibly. Ice-cold saline slightly increases tone. Isopropylnoradrenaline (1-100 ,ug./ml.) and 5-hydroxytryptamine (50 ug.-1 mg./ml.) added to the perfusate were without effect.
An increase in tone of the sphincter was also seen if N/10 HCI (1-5 ml.) was injected into the saline in the isolated gastric pouch, but it was smaller than when the acid was applied directly to the mucous membrane of the sphincter and developed more slowly. It Shenk and Frederickson (1958) concluded that in the cat the diaphragm considerably augmented the ability of the sphincter to resist passage of fluid. Direct nerve stimulation confirmed that the vagus supplies predominantly inhibitory and the sympathetic predominantly excitatory fibres to the sphincter. Mixed effects on vagal stimulation were only seen at low frequencies and may have been due either to the inclusion of a few muscle fibres from the stomach or oesophagus (which are contracted by vagal stimulation) or to a mixture of adrenergic and cholinergic nerves in the vagus, as suggested by Paton and Vane (1956) . Either interpretation would be in accord with the views of McCrea et al. (1925) , who found that the effect of vagal stimulation was dependent upon the resting tone of the sphincter. In a muscle with a low tonus, excitatory effects would show up best, but if the muscle is already contracted relaxation would predominate. Although Langley (1898) suggested that the nerves causing relaxation of the sphincter passed intramurally down the oesophagus and Lehmann (1945) confirmed this suggestion in the dog, there is no doubt that in the cat stimulation of the vagus produces relaxation of the cardiac sphincter irrespective of muscular continuity with the rest of the oesophagus.
The experiments with injected drugs all confirm the well-established views on the transmitters of nervous effects. Intravenous acetylcholine reproduced the inhibitory effects of vagal stimulation and atropine or hyoscine blocked both, though more was needed to block the vagal effects, a characteristic common to other sites in the gastrointestinal tract (Ambache, 1955) . Similarly, the effects of sympathetic stimulation were mimicked by both adrenaline and noradrenaline, but not by isopropylnoradrenaline.
Finally, it was shown that a mechanism exists whereby acid can induce an increase in tonus in the cardiac sphincter when applied either to the mucosa of the stomach, as suggested by Cannon (1908) , or to the mucous membrane of the sphincteric region itself. The mechanism by which this effect is brought about is uncertain.
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